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ABSTRACT

This paper describes a study of fatigue-crack propagation behavior in the superelastic
alloy Nitinol. This work is motivated by biomedical applications and the current interest to
improve the design and performance of medical stents for implantation in the human body.
Specifically, the objective of this work is to study the effect of environment on cyclic crack-
growth resistance in a ~50Ni-50Ti (at. %) alloy, and to provide the necessary data for the safe
life predication of Nitinol endovascular stents. The material selected for this study has been heat
treated such that it is superelastic at human body temperature; this was confirmed with
monotonic uniaxial tensile tests. Characterization of fatigue-crack growth rates has been
performed at 37°C on disc-shaped compact-tension samples, in environments of air, aerated
deionized water, and aerated Hank’s solution (a simulated body fluid). The effect of cyclic
loading on the uniaxial constitutive behavior was investigated at a strain range of 6.4%, and
results indicate that the magnitude of available superelastic strain (~5.0%) is maintained even
after cyclic softening. However, despite the persistence of nucleating the stress-induced
martensitic phase after cycling with a maximum strain slightly below the plastic yield point,
Nitinol is found to have the lowest fatigue-crack growth resistance of the principal metallic

alloys currently used for implant applications.
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INTRODUCTION

There has been an increasing interest in the biomedical industry to improve the design
and performance of medical stents for implantation in the human body. In this regard, the
titanium-based alloy, Nitinol, has become an attractive replacement for the currently used
material, stainless steel, due to its improved corrosion resistance in physiological environments,
interesting nonlinear mechanical behavior, and thermoelasticity. Despite this interest in
implementing Nitinol stents, however, little is known about their mechanical performance.
Indeed, there is considerable industrial activity to develop other medical devices using Nitinol,
yet this endeavor is also limited by a current lack of understanding of the structural properties of
these alloys. In particular, this makes such critical tasks as stress analysis and life prediction
somewhat uncertain. Moreover, although the simple tension and compression properties of
Nitinol are reasonably well characterized, there is very little understanding or engineering data
on its fracture and cyclic fatigue behavior. This information is also of importance as failure of a
stent in vivo could result in loss of life. Accordingly, there is a critical need for materials science
studies to understand such vital topics as stress analysis, constitutive behavior, fracture, fatigue
and life prediction for medical implant devices involving superelastic materials.

The aim of this paper is to describe a study on the fatigue-crack propagation behavior of
superelastic Nitinol, and specifically to discuss the role of a simulated physiological environment

on crack-growth rates in this alloy.
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BACKGROUND

The Superelastic Effect in Nitinol

Nitinol is a titanium-based thermoelastic material with a composition of approximately
50 atomic % nickel which originally gained fame during the 1960’s for its shape-memory
behavior (Fig. 1) [1,2]. This effect is a result of an athermal martensitic transformation which
occurs over a particular temperature range by a uniform lattice shear without a change in the
material’s composition. Although the shape-memory effect is interesting, it has little to do with
stent design. Subsequent discussion will focus on the more relevant stress-induced superelastic
transformation.

Nitinol alloys can exhibit superelasticity at temperatures slightly above the austenite
finish temperature, Az. The superelastic effect is attributed to a reversible stress-induced
martensitic transformation (Fig. 2); the stress-strain hysteresis is characterized by three distinct
parts. The first elastic distortion shows a large stress increase over a small strain range, Ag;.
Following this initial deformation, the curve plateaus with little change in stress for a much
larger strain range, Ag,. On this plateau, martensite laths nucleate and grow with the preferred
martensite variant (that which is most compliant with respect to the tensile axis).III After the
martensitic transformation is complete, elastic deformation continues over the strain range, Ags,
until yielding of the martensite or unloading. When the stress is decreased, the reverse process is
observed. After elastic recovery over Ags (and an additional small strain increment before the
lower plateau is reached), the plates which formed during loading over Ag, revert along the
previous crystallographic path, and hence, the volume fraction of martensite decreases over Ag,.

This is the process by which the parent phase is recovered, so the original undeformed material is



Fatigue-Crack Propagation in Nitinol

restored. The temperatures at which these described transformations occur can be carefully
controlled by manipulating the composition, prior cold work, heat-treatment, and cooling rate
during quenching [4].

Nitinol for Stents

Superelastic stents offer an improved alternative over current options for constricted
coronary and carotid arteries. Balloon angioplasty is a technique often used in place of by-pass
surgery. The balloon is inserted into the vascular system remotely (e.g., via the femoral artery)
and inflated at the blocked arterial site. In order to compress the plague and open the
constriction, it is usually required to inflate the balloon to ~12 atmospheres of pressure. This can
induce damage into the vessel wall and cause the artery to be more compliant and susceptible to
failure [5]. Stenting is similar to balloon angioplasty, as the surgery is non-invasive; however, it
has the additional advantage that it provides a rigid permanent support in the artery to reduce the
risk of repeated operations. The stent is simply a hollow tube or helical wire which is designed
to support the vessel walls and permit blood circulation through the blockage. Since the stent is
permanently left in the body in a fixed position, the risk of arterial collapse is avoided. Currently
the vast majority of stents are manufactured from stainless steel; however, titanium and tantalum
stents have been proposed [6] and are being developed. Application of these devices requires
expanding the stent beyond the plastic limit of the alloy, such that it permanently deforms and
embeds in the arterial wall. This plastic deformation can greatly reduce the fatigue life of the
stent, and therefore make it more susceptible to failure in vivo, which could result in loss of life.

A dramatic advantage Nitinol has over other alloys is its enhanced recoverable elastic

strain. While stainless steel has approximately 0.5% available elastic strain, Nitinol has ~8% due

! The monoclinic martensite phase in Nitinol forms in plate groups where four variants with habit plane {551}
cluster about the six <011> poles, resulting in 24 possible variants [3].
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to its superelastic transformation (Fig. 2). Nitinol stents would be inserted into the body, similar
to stainless steel stents, except they would be self-expanding as a result of the superelastic effect.
Because they need not be embedded into the arterial wall by permanent deformation, it is
expected that Nitinol stents would have longer fatigue lives, and the risk of failure would be
greatly reduced.

Another advantage Nitinol has in stent applications is its biased stiffness [7] (Fig. 3).
When open, the stent is in its relaxed state by design. As the stent is compressed into a guide
catheter, the device is loaded up the superelastic plateau. After the stent is deployed, it opens
and the stress is reduced to a value along the unloading plateau. While a gentle pressure is
maintained to keep the artery open, any contraction, or blood vessel diameter reduction, would
result in a higher resistance to loading, and therefore giving rise to biased stiffness. This is a
result of the different loading and unloading paths in the monotonic constitutive behavior.

Motivation for Fatigue Characterization

Although Nitinol stents offer many advantages compared to current designs, it is critical
that these components do not suffer mechanical failure in vivo. It is widely recognized that
cracks always exist in materials, and that components must be tolerant of their presence.
Fracture mechanics provides a basis for design in the presence of such cracks using damage-
tolerant concepts. This approach is particularly relevant for stents, which are often fabricated by
laser machining. This process invariably leaves a distribution of small (10 — 50 pum sized) cracks
in the surface. However, despite the obvious need for such approaches from an engineering
perspective, damage-tolerant design methodologies have rarely been implemented in the
biomedical industry thus far; one example which is known, is that of pyrolitic-carbon mechanical

heart valves where critical crack sizes, fatigue life and fracture toughness data have been
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incorporated into the valve design and fabrication [8]. Damage-tolerant design is actively used
in other industries (e.g., aerospace technology) to estimate failure load/critical crack size
combinations which are essential for the prediction of a component’s mechanical life.

Although the thermodynamics and phase transformations of the shape-memory and
superelastic effects have been widely studied, currently, there are only very limited data in the
literature which describe crack propagation in Nitinol alloys under monotonic or cyclic loading
[9-11]. Furthermore, none of the data in these studies characterizes the fatigue behavior of
superelastic Nitinol. In stents, cyclic loads would arise from the difference in systolic and
diastolic blood pressures and from the stress associated with the contraction of the heart muscle
(e.g., in coronary stents). Often in other structural components, the safe life is governed by the
time it takes incipient crack to propagate to failure. However, in the case of stents, the width of
a strut is very fine (e.g., ~250 um) and therefore, the design may be limited to the fatigue
threshold, AKty, which describes the stress-intensity range for the onset of crack propagation.
Thus, it is critical that the crack-propagation rates, and in particular the threshold AKty values, in
superelastic NiTi are known in order to estimate expected device lifetimes and provide a rational
design against fatigue failure.

The superelastic transformation in Nitinol is a potential source of resistance to fracture
and fatigue. Mechanically induced phase transformations have already been exploited as a
method for increasing the fracture toughness in several materials [12].  Stress-induced
martensitic transformations are known to occur in austenitic steels and TRIP steels [13,14].
Also, transformation toughening is observed in brittle materials, which greatly enhances their
fracture toughness [15-21]. For example, in partially stabilized ZrO,, metastable coherent

tetragonal particles are dispersed throughout a cubic matrix [21]. When a tensile stress is
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applied, the metastable tetragonal particles undergo a martensitic phase transformation to a
monoclinic crystal structure. This phase transformation increases the volume of the particles,
which at a crack tip reduces the local stress intensity, shielding the tip from the applied load.
Studies on the fatigue of austenitic stainless steels [14,22] and partially-stabilized
zirconia ceramics [23] have shown that in the presence of an in situ phase transformation,
resistance to crack advance can be significantly enhanced. However, in both the latter examples,
the transformation involves a significant and positive dilatational component, which due to the
constraint of surrounding elastic (untransformed) material, results in crack extension into a zone
of compressed material [24,25]. The transformation in Ti-Ni alloys, conversely, involves largely
pure shear with only a small, negative volume change [9], and therefore it is not known if the

micromechanisms which contribute to fracture resistance in Nitinol are similar.

EXPERIMENTAL METHODS

The Nitinol material studied had a composition of 55Ni-45Ti (wt.%) and was received in
the form of 41.3 mm diameter round bar. Disc-shaped compact tension samples were electro-
discharge machined to have dimensions of width, 31 mm, and thickness, 9 mm, and were heat
treated in air at 500°C for 35 minutes before rapidly quenching in an ice water bath. Fatigue
tests were conducted, at 37°C in air, aerated deionized water, and aerated Hank’s solution (a
simulated physiological environment), under automated stress-intensity control on electro-servo
hydraulic machines at 10 Hz (sine wave) in general accordance with the testing techniques
described in ASTM E647. Samples were cycled at a load ratio, R, equal to 0.1, where R is
defined as the ratio of the minimum to maximum stress intensities in the loading cycle (i.e., R =

Kmin/Kmax). The testing temperature of 37°C was monitored using either a teflon coated probe in
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aqueous environments or a surface resistive-temperature device in air with the temperature
maintained to within £0.2°C. Samples tested in air were heated via infra-red heat lamps,
whereas samples tested in aqueous solution were heated via a teflon coated heating element. The
composition of Hank’s solution, which had a pH of 7.4, was (in g/L): 0.185 calcium
chloride[2H,0, 0.09767 magnesium sulfate (anhydrous), 0.4 potassium chloride, 0.06 potassium
phosphate monobasic (anhydrous), 8.0 sodium chloride, 0.04788 sodium phosphate dibasic
(anhydrous), 1.0 D-glucose, and 0.35 sodium bicarbonate.

Round-bar uniaxial tensile samples with dimensions of gauge length, 25.4 mm, and
diameter, 6.40 mm, were also heat treated in air at 500°C for 35 minutes before rapidly
guenching in an ice water bath. Monotonic and cyclic-tensile tests were conducted under
displacement control at a rate of 2.5 pm/sec, which corresponds to a strain rate of ~1 x 10 /sec
for the selected gauge length. The monotonic and cyclic constitutive behavior was measured at
37°C; samples were heated in a warm distilled water bath (minimal corrosion effects were
expected with this environment in Nitinol [26]), with the sample temperature again maintained to

within £ 0.2°C.

RESULTS AND DISCUSSION

Monotonic Constitutive Behavior

In order to demonstrate that the material was superelastic, the residual permanent set, or
lack thereof, was measured on a sample loaded to greater than 1% strain. This test was
conducted at 37°C, on a sample which was arbitrarily displaced to ~4.5% strain, and then
unloaded (Fig. 4). The alloy displayed linear elastic distortion until the critical stress (~407

MPa) to nucleate martensite in the material was applied (Fig. 4). The volume fraction of
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martensite increased along the loading plateau until it was unloaded at ~4.5% strain; next, the
stress decreased until ~200 MPa, at which point, the volume fraction of martensite decreased
along the lower stress plateau. After complete unloading, there was no detectable permanent
strain, and hence, the transformation was superelastic and geometrically reversible. The
complete uniaxial constitutive behavior at 37°C is shown in Figure 5. The alloy displayed a
loading stiffness of 62 GPa until the critical stress (~407 MPa) to nucleate martensite in the
material was applied. The volume fraction of martensite increased along the loading plateau to
approximately 5% strain, at which point, the transformation was presumed to be nearly complete,
and the stress began to increase again with a loading stiffness of 22 GPa. The 0.2% offset
plastic-yield point from the second linear elastic region was found to be 1058 MPa at a strain of
8.2%. The strain-to-failure was 21.3% (for a 25.4 mm gauge length).

Effect of Environment on Fatigue-Crack Growth Behavior

In order to develop an understanding of fatigue-crack growth behavior in Nitinol it is
necessary to examine crack-growth rates in a relatively inert environment as well as a simulated
body fluid. Accordingly, fatigue-crack propagation rates were measured, at 37°C, 10 Hz, with
an R of 0.1, in air as well as aerated deionized water and aerated Hank’s solution. Results are
shown in Figure 6. From these data, it is clear that a significant effect of corrosion fatigue is not
apparent in Nitinol at the frequency studied (10 Hz) in Hank’s solution, as growth rates are
essentially identical to those measured in air and aerated deionized water. Note, while deionized
water is seemingly inert, dissolved oxygen in neutral pH solutions is known to be a corrosive
species in fatigue-crack growth of metals [27]. Thus, despite the presence of oxygen in the
aerated solutions and chloride ions in the Hank’s solution, the fatigue-crack growth behavior in

Nitinol appears to be unaffected.
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To predict the lifetime of a Nitinol medical device, it is generally necessary to obtain an
empirical fit to such fatigue-crack growth data; the simplest approach is to use a Paris power-law
like formulation, i.e., da/dN = CAK™, where da/dN is the crack growth rate per cycle, C is a
constant, AK is the applied stress-intensity range, and m is the Paris exponent. This equation is
then integrated, and solved in terms of N, the number of cycles until failure, by substituting in
initial and final crack lengths. For Nitinol, a threshold AKty of 2 MPavm is seen, with a Paris
exponent in the mid-growth regime of m~3; the stress intensity range at instability prior to failure
is approximately AK~30 MPavm.

Effect of Cyclic Loading on Superelasticity

As Nitinol stents would be subjected to variable loads, the lack of degradation of the
superelastic effect with cycling must be investigated and confirmed. Accordingly, the cyclic
constitutive behavior has been measured for a large strain amplitude corresponding
approximately to the limit of the superelastic plateau. The cyclic stress-strain response for an
initial strain range of Ag = 6.4% is shown in Figure 7. The data plotted include the constitutive
behavior for the 1%, 10", 50" and 100™ cycles. The material was found to display cyclic
softening, where the stress required to nucleate the martensitic phase transformation, and the
peak stress at the maximum strain in the displacement range, decreased with repeated cycling. It
is clear that the rate of change in the constitutive relationship decreases with increasing number
of cycles (Fig. 7a); for instance, the magnitude of cyclic softening is largest between the 1% and
10™ cycles, while there is little difference between the 50 and 100™ cycles. Furthermore, the
permanent set, or residual plastic strain, was found to saturate after approximately 60 cycles (Fig.
7b), whereupon it remained relatively constant at a value of 2.1% with continued deformation.

This is believed to indicate that the microstructure has “saturated” (i.e., negligible further
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changes in dislocation/twinning structure) for the given strain range applied. It is important to
note that after saturation, the magnitude of reversible superelastic strain is still on the order of
5%. While these results are preliminary, as the complete cyclic stress-strain behavior over a
variety of strain ranges is necessary and under current investigation, these data do indicate that
the material remains superelastic with reversible strains of ~5% after repeated loading below the
plastic yield point, which in this material is ~1058 MPa (Fig. 5).

Comparison of Fatique-Crack Propagation with other Biomedical Alloys

While the absence of corrosion fatigue in Nitinol (at least at 10 Hz), and the persistence of the
superelastic effect after cyclic loading, is encouraging, it must be emphasized that the threshold
AKry values, below which fatigue-crack growth is presumed dormant, were found to be very low
for Nitinol when compared to other metallic structural materials used for biomedical implants.
To demonstrate this point, Figure 8 is a plot of the fatigue-crack growth rates for Nitinol from
this study compared with other biomedical metallic alloys—namely, stainless steel, pure
titanium, Ti-6Al-4V, and a CoCr alloy. Although these data are for moist air environments
rather than simulated body fluid, the fatigue threshold was the lowest, and the crack-growth rates
were the fastest, in Nitinol. Specifically, AKty is ~4 MPavm in a Ti-6Al-4V alloy [28], which is
a factor of ~2 greater than the NiTi fatigue threshold. Type 316L stainless steel [29] has a AK+ty
equal to 6 MPavm, and the maximum applied stress-intensity range prior to failure is nearly 70
MPavm. The largest difference in AKry compared to Nitinol, however, are for the remaining
alloys on Figure 8. The fatigue threshold for a cobalt-chrome alloy, Haynes 25, which is used in
many biomedical applications, including cardiac valve prostheses, at R = 0.05, is ~10 MPavm
[30]—a factor of ~5 increase compared to AKyy for NiTi. Furthermore, commercially pure Ti

[31] has a fatigue threshold greater than 10 MPavm when tested in air at room temperature. It

10
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should be noted, however, that several of these alloys show a reduction in their thresholds in
corrosive environments, whereas Nitinol appears to be far less susceptible to such effects.

This comparison of fatigue-crack threshold data may be quite relevant, as mentioned
earlier, for the architecture of endovascular stents can be very fine. Therefore, it may be
necessary to design such stents for fatigue resistance based on the threshold AKty to prevent any
crack propagation, since the component size is so small that a crack, once initiated, would readily

traverse the entire stent cross section.

CONCLUSIONS
Based on a study of the cyclic constitutive and fatigue-crack growth behavior of a
superelastic 55Ni-45Ti (wt.%) Nitinol alloy at 37°C in air, aerated deionized water, and aerated

Hank’s solution (a simulated body fluid), the following conclusions can be made:

1. Fatigue-crack growth rates in Nitinol at a frequency of 10 Hz were found to be essentially
identical in air, aerated deionized water, and aerated Hank’s solution, suggesting that at
this frequency, any environmentally-assisted contributions to crack growth are minimal.
Specifically, the threshold for the onset of fatigue-crack growth, AKty, was equal to ~2
MPavm for all three environments. Furthermore, the slopes of the mid-growth regime, or
Paris exponents m, were also similar and equal to ~3; the maximum applied AK at
instability prior to failure was ~30 MPavm for all three environments.

2. The cyclic stress-strain behavior investigated at an initial strain range equal to 6.4%
revealed that the material’s ability to undergo a stress-induced martensitic phase
transformation is maintained. The alloy displayed cyclic softening, where the critical

stress to nucleate the martensite phase, and the peak stress at the limit of the strain range

11
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during loading, decreased with increasing number of cycles. The rate of softening was
found to decrease with further cycling. Saturation, as measured by the permanent set or
residual strain after each incremental cycle, appeared after approximately 60 cycles,
where the value of permanent set reached a maximum value of 2.1% for the applied strain
range.

When compared to other biomedical implant alloys, the fatigue-crack growth resistance
of Nitinol was the lowest. Specifically, the AKyy fatigue threshold value, at a fixed load
ratio value of ~0, was significantly less by a factor between 2 and 5 than 316L stainless
steel, pure Ti, Ti-6Al-4V, and a CoCr Haynes 25 alloy. Also, the crack-growth rates for
any applied stress-intensity range were fastest in NiTi. These comparisons may cause
concern as the architecture of endovascular stents, and other medical devices, is quite
fine, such that the onset of fatigue-induced cracking must be completely avoided if the

structural integrity of the component is to be maintained.
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Figure 1:

=
y
m

Schematic illustration of the shape-memory effect. An austenite sample is cooled
through the martensitic transformation to a temperature below the martensite
finish temperature, M. At this point the sample is deformed to within ~10%
strain. After unloading, the sample is heated through the martensite to austenite
transformation. The martensite laths revert to austenite along the original paths,
such that the deformation previously applied disappears as the temperature is
increased. At As the strain is completely recovered, and the material has the same
original shape before the deformation portion of the cycle. This is a result of the
material’s thermoelasticity, low symmetry martensite crystal structure, and also
due to the role of twinning in the martensite phase.
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Schematic illustration of the superelastic effect. The first elastic deformation
shows a great stress increase over a small strain range, Ag;. Following this initial
deformation, the curve plateaus with little change in stress for a much larger strain
range, Ag,. On this plateau, martensite laths nucleate and grow with the preferred
martensite variant. After the martensitic transformation is complete, elastic
deformation continues over the strain range, Ags, until yielding of the martensite
or unloading. When the stress is decreased, the reverse process is observed.
After elastic recovery over Agz (and an additional small strain increment before
the lower plateau is reached), the plates which formed during loading over Ag,
revert along the previous crystallographic path, and hence, the volume fraction of
martensite decreases over Ag,. This is the process by which the parent phase is
recovered, so the original undeformed material is restored.
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Figure 3: Schematic illustration of the advantage of biased stiffness in Nitinol (after Duerig
etal.) [7]. The relaxed state of the stent is open. As the stent is compressed into a
guide catheter, the force increases. When the stent is deployed at the location of
the constriction, the force decreases along the unloading plateau. The blood
vessel is supported by constant gentle pressure, however the resistance to future
constriction is enhanced by the distinct loading curve with greater stiffness.
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Figure 4: A plot of results which verified that NiTi was superelastic at 37°C, after the

material had been heat treated at 500°C for 35 minutes in air followed by an ice
water quench. The material displayed linear elastic distortion until the critical
stress to nucleate martensite in the material was applied (~407 MPa). The volume
fraction of martensite increased along the loading plateau, until the sample was
arbitrarily unloaded at ~4.5% strain. At ~200 MPa, the volume fraction of
martensite began to decrease along the lower plateau. After complete unloading,
there was no detectable permanent strain, and hence, the material was
superelastic.
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Figure 5: The complete uniaxial constitutive behavior in NiTi at 37°C is shown. The alloy

displayed an initial loading stiffness of 62 GPa until the critical stress (~407 MPa)
to nucleate martensite in the material was applied. The volume fraction of
martensite increased along the loading plateau to approximately 5% strain. With
further displacement, a new loading stiffness of 22 GPa was observed until
general yielding began at 8.2% strain and 1058 MPa. The strain-to-failure was
21.3% for a 25.4 mm gauge length.
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Figure 6: A plot showing the effect of environment on crack-growth rates in superelastic

Nitinol. Data were collected at 37°C R = 0.1 10 Hz in air, aerated deionized
water, and aerated Hank’s solution, a simulated body fluid. All three data sets
were similar, where the threshold for fatigue-crack propagation was ~2 MPavm,
the slope of the mid-growth regime, or Paris exponent m, was approximately 3,
and the maximum applied stress-intensity range prior to fatigue failure and fast
fracture was ~30 MPavm.
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Figure 7: A plot of the cyclic constitutive behavior in Nitinol (a) at 37°C in distilled water

at a strain rate of ~1 x 10 /sec; the data shown are from the 1%, 10", 50", and
100™ cycles. The change in permanent set, or plastic residual strain, is shown (b),
where saturation appears after ~60 cycles.
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Figure 8: Comparison of fatigue-crack growth rates for various biomedical metallic alloys.

Data for NiTi from present study; Ti-6Al-4V by Boyce and Ritchie, 1998
obtained at 25°C, 50 Hz, R= 0.1, m = 4.3; CoCr Haynes 25 alloy by Ritchie and
Lubock, 1986 obtained at room temperature, 30 Hz, m = 3.5; 316L stainless steel
by Pickard et al., 1975 obtained at 22°C, 100 Hz, R = 0.3, m = 4.9; and pure Ti by
Li and Thompson, 1993 obtained at 25°C, 10 Hz, R = 0.1, m = 9.6. All tests were
conducted in air.



